A new metal mesh coupler that makes use of a tunneling effect of evanescent waves between a metal mesh and a dielectric plate, has been proposed as a quasi-optical component for millimeter and submillimeter wavelengths. Theoretical calculation and experimental measurement performed from 40 GHz to 60 GHz show that the transmittance of the coupler can be changed more than 50 % for the variation of a spacing less thafl 0.18 mm between a capacitive mesh and a silicon plate at around 57 GHz.
INTRODUCTION
At millimeter and submillimeter wavelength regions, there has been substantial interest on the development and applications of quasi-optical devices, such as coherent power-combining [ 11 [2] . Fabry-Perot (FP) interferometers have been widely used as tunable optical couplers or filters as quasi-optical components. The FP-type optical couplers consist of two reflectors and make use of interference between propagation waves in the couplers to change their coupling coefficient. Consequently, the large and rapid change of the coupling coefficient with frequencies results in the narrow bandwidth of the FP-couplers. An optical tunneling type metal mesh (OTM) coupler has been proposed by us as a new quasi-optical component to overcome the tradeoff between bandwidth and coupling coefficient of the FP-couplers.
The OTM-coupler consists of an inductive or a capacitive metal mesh and a flat dielectric plate placed close to the surface of the mesh (Fig. l) , and makes use of an optical tunneling of evanescent waves to change reflectance and transmittance. The evanescent waves are induced by an incident wave on the mesh, and decay quickly away from the mesh, normally less than U20 from the surface [3]. Therefore, in contrast to a FP-interferometer, the coupling coefficient of the OTM-coupler can be significantly changed by small adjustments of spacing between the mesh and the dielectric plate. In principle, the OTM-coupler can also be wide band because the transmission properties of the couplers depend primarily on the mesh parameters (g, 2a, and r illustrated in Fig. 1 ). In this paper, theoretical simulations and experimental results are reported to show the feasibility of the OTM-couplers.
THEORETICAL ANALYSES
The OTM-coupler consists of a silicon plate and a capacitive metal mesh on a quartz plate. The quartz plate has a refractive index of 2.12 and a thickness of 2 mm. The silicon plate has a refractive index of 3.42 and a thickness of 1 mm. The reflectance (IS1112) and transmittance (IS2112) of the OTM-couplers with different mesh parameters have been estimated by using the Hewlett-Packard High Frequency Structure Simulator (HFSS) and the Method of Moments (MOM) in the frequency range between 40 GHz and 60 GHz.
In the fist simulation, one-dimensional capacitive metal pattern (a strip grating) has been assumed because of its ease of calculation. The strips are assumed to be perfect conductors and have zero thickness. The rf loss of quartz and silicon plates are also assumed to be zero to simplify the calculations. A uniform plane wave is assumed to be normally incident on the grid, with the electric field polarized perpendicular to the strips. The sur- Finally, the impedance is used to find the reflected and transmitted wave through the structure using a simple transmission line circuit. Fig. 2 shows the results calculated by both methods for reflectance and transmittance as a function of the spacing L between the capacitive strip grating and the silicon plate at 60 GHz.
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The simulations have been done for the capacitive strip grating with a pitch (g) of 1.465 mm and a gap ( 2 4 of 0.585 mm. The simulation results show that the optical tunneling effect clearly appears around L=O, and that the coupling coefficient can be varied more than a 50 % range by changingL only 0.18 mm, i.e., h/ 28. GHz and 57 GHz. The coupling coefficient can be changed by more than 40 96 over a 10 % frecluency range by varying L within 0.14 mm. The maximum change of 83 % on the coupling coefficient can be achieved at 57 GHz. In Fig. 3 , the transmittance of the coupler for L= 0 is zero at 57 GHz and increases abruptly when frequency is increased. This variation has been caused by a resonance effect in the strip grating [7].
EXPERIMENTAL SETUP Experimental measurements have been done to c o n f m the theoretical predictions. The measurement setup includes an HP85 106C millimeter-wave network analyzer, transmitting and receiving homs and an OTM-coupler as shown in Fig. 4 . The frequency range is from 40 GHz to 60 GHz. The spacing between the mesh and silicon plate is variable in the range form 0 to 10 mm with an accuracy of f 1 0 p. The parallelism between them is adjusted by using a He-Ne laser. The transmittances of the couplers were measured after calibration.
Three capacitive metal meshes with dimensions (g, 2~)=(1.48,0.59), (1.58,0.65) and (1.70.0.69) in millimeter have been used in this experiment. Those meshes are fabricated on a z-cut quartz plate by using photolithographic techniques with an accuracy of f5 pm. The thickness of the metal meshes is about 1 pm. The quartz plates are 40 mm in diameter and 2 mm in thickness, and the silicon plates are 63.5 mm in diameter and 1 mm in thickness.
The refractive indices of the quartz and silicon plates have been determined by measuring transmission properties using the same experimental setup as described above. From the measured results, the refractive index of the quartz plate is estimated to be 2.12 M.05 and the field attenuation constant is about 0.5 Nep/ cm. The refractive index of the silicon plate is 3.42 M.05. A noticeable transmission loss of the silicon plate has not been observed in this frequency 'mge. 50 GHz, and 58 GHz. The shapes of the curves are similar, however the theory is about 15% higher than the measurement at the peak values. From Fig. 5@) , it can be seen that the measured curves shift to right by the order of 10 pn of L in comparison with the theory. It might be caused by uncertainty of defining the origin position of L in the experiment. The results show that the tunneling effect occurs only for the spacing less than 0.18 mm. For larger spacing, the couplers behave like Fabry-Perot interferometers.
EXPERIMENTAL RESULTS
It is difficult to estimate an effective distance of tunneling precisely from Fig. 5 since the tunneling effect appears together with the Fabry-Perot etalon effect due to a finite thickness of the dielectric plate. Fig. 6 shows the measured transmittances with and without the tunneling effect for the OTMcoupler as a function of L at 58 GHz with the mesh size of g=1.70 mm. The circles indicate the same data shown in Fig. 5 (b) and solid line indicates measured transmittance for the same coupler, which was measured with an extra W of L, shifted by -hn and superimposed on the circles in the same range of L. In Fig. 6 , the difference between two curves is caused by the tunneling effect alone. Comparing these two curves, it is found that the optical tunneling effect decays exponentially with a decay constant of about 60 Nep/ should be noted that this resonant frequency is higher than the frequency expected by the previous mesh theory (51.6 GHz) [lo] . 
